The durability of polymer electrolyte membrane fuel cells (PEMFC) is governed by a nonlinear coupling between system demand, component behavior, and physicochemical degradation mechanisms, occurring on timescales from the sub-second to the thousand-hour. We present a simulation methodology for assessing performance and durability of a PEMFC under automotive driving cycles. The simulation framework consists of (a) a fuel cell car model converting velocity to cell power demand, (b) a 2D multiphysics cell model, (c) a flexible degradation library template that can accommodate physically-based component-wise degradation mechanisms, and (d) a time-upscaling methodology for extrapolating degradation during a representative load cycle to multiple cycles. The computational framework describes three different time scales, (1) sub-second timescale of electrochemistry, (2) minute-timescale of driving cycles, and (3) thousand-hour-timescale of cell ageing. We demonstrate an exemplary PEMFC durability analysis due to membrane degradation under a highly transient loading of the New European Driving Cycle (NEDC).
Introduction
Polymer electrolyte membrane fuel cells (PEMFC) can provide rapid (sub-second) load transients, which is particularly useful for providing power to electrically-powered automobiles [1] . However, it has been shown that rapid load changes and persistent open circuit voltage (OCV) operations cause accelerated degradation of the PEMFC components [2] . Therefore, in practice, PEMFC stacks for electric vehicles are today hybridized with high-power batteries or supercapacitors that provide fast power response, while the PEMFC is operated under near-constant load. Chan et al. reviewed the current trends in the vehicle modeling of electric, hybrid and fuel cell cars [3] . Jiang et al. carried out control studies in a hybrid fuel cell and battery source under pulsed loading [4] . Thounthong et. al. studied the energy management [5] and control [6] of fuel cell, battery, and supercapacitor hybrid for vehicle application. Using a hybrid arrangement increases PEMFC lifetime, while increasing system cost, weight and complexity. In the present work, we therefore study PEMFCs for fully transient car operation without hybridization. In this case, the fuel cell stack is exposed to a highly non-periodic power demand.
One of the major bottlenecks to the commercialization of non-hybrid fuel cell vehicles is durability of a fuel cell stack that indirectly increases the cost [7] . Borup et. al. [8] gave an overview of componentwise degradation mechanisms and testing procedures to understand component wise fuel cell durability. Similarly, considerable research has been carried out on the transient loading of fuel cells with respect to cell aging and degradation, and most of them focus on the cell component-wise degradation at nominal fuel cell operating conditions or simulated periodic load cycling [9] [10] [11] . In order to understand the degradation mechanisms and their functional dependence on transient operating conditions, a systematic approach towards understanding the complex multiscale transport and reactions inside the PEMFCs is required. Multiphysics modeling is an excellent tool to unravel the complex and nonlinear interactions between performance, degradation, cell design, and operating conditions [12] [13] [14] . In particular, virtual cells can be calibrated using experiments under well-defined operating conditions and then be studied under more realistic automotive load profiles.
In this study we expand upon state-of-the-art fuel cell vehicle modeling approaches [15] [16] [17] [18] [19] [20] [21] by coupling a system model with a detailed multiphysics single-cell model [22] . We introduce a multimethodology modeling and simulation approach for PEMFC performance and durability over realistic driving cycles and complete cell lifetime. The approach covers multiple interacting systems (electric car, single cell with components, detailed electrochemical transport and kinetics) and multiple time scales (single-cell behavior on sub-second scale, driving cycle on 20 minute scale, cell lifetime on 5.000 hour scale). In the present study, the virtual fuel cell car is assumed to operate on the new European driving cycle (NEDC) used for regulating vehicle emissions and fuel economy in passenger cars [23] . The velocity demand from the driving cycle is converted into a power demand using a system-level model of an electric car governed by a force balance and Newton's laws of motion. The fuel cell itself is modeled by using a multiphysics approach. Multi-species transport of fuel, air and water vapor in the gas channels, diffusion layers and the polymer membrane are described with the help of computational fluid dynamics (CFD) over the two-dimensional (2D) cell geometry. The electrochemical kinetics of oxygen reduction in the catalyst layer is derived from elementary reaction steps and is implemented in a modified Butler-Volmer formalism. Due to high computational demand of transient simulations, we further introduce a method of time-upscaling by extrapolating degradation over a single drive cycle over multiple consecutive cycles. As a result, the complete lifetime of a PEMFC under transient operating conditions can be assessed. The fuel cell behavior is analyzed in terms of dynamic current and voltage behavior as well as water management. Figure 1 shows the four basic components of the present simulation methodology, that is, (a) a 0D system model of a fuel cell car including fuel cell stack, electric engine, power train, force balance, and engine controller; (b) a 2D multiphysics CFD model of a single cell including transport in channels, gas diffusion layers (GDL) and membrane as well as electrochemistry; (c) a library of degradation mechanisms that can be filled and validated independently of the present framework; (d) a meth-odology for time-upscaling of degradation over the complete fuel cell lifetime; and (e) on-the-fly coupling of all components for full-scale dynamic simulations. The components will be described in detail in the following sections. The model is based on a number of key assumptions owing to the need to compromise between fidelity of the individual components and computational demand of the coupled framework:
Simulation framework

Overview and model assumptions
• The car model assumes the PEMFC as only power sources (i.e., no hybridization).
• The fuel cell system is assumed to be represented by the single-cell channel-pair model. System components such as humidifiers, pressure control valves, heat exchangers, etc. are assumed ideal and are not explicitly modeled. As consequence, constant humidity is assumed in the fuel cell inlet gases.
• The single-cell model is assumed isothermal. Water transport is assumed single-phase (gas-phase) only.
• The membrane degradation is assumed to follow a simple mechanism used as an example to demonstrate the feasibility of the framework.
It is possible, and has of course been demonstrated by the respective disciplines, to relax these assumptions in more complex individual modeling approaches. Using high-end models of all components (car, fuel cell system, single cell, degradation), however, would render the multi-scale and multi-methodology coupling computationally challenging and would additionally make results interpretation difficult. We therefore have limited the scope of the present paper to establish a basic yet flexible multi-timescale coupling that can be extended with other complementary component models, and demonstrate the feasibility of this model for predicting cell durability.
Virtual car model
The system-level model of the fuel cell car, which is implemented in Simulink, has various interacting modules that represent different subsystems of a car. Figure 2 shows a schematic of the virtual car subsystems and their interactions. Each of the modules is part of a control loop that attempts to match the velocity demand by assessing a corresponding power demand. The loop starts from a velocity input, which, for the present study, is taken from NEDC. However, the control framework can also work with other velocity profiles. The velocity demand (u d ) is sent to the engine controller, which, based on the current dynamics of the vehicle and state of fuel cell, requests required power (P d,stack ) from the fuel cell stack. The engine controller is a PI-controller with anti-windup correction [24] that attempts to match the current velocity of the vehicle supplied by the powertrain (u s ) to the velocity demand of the NEDC. The fuel cell stack downscales the stack power demand to cell level power demand (P d,cell ), which is the input to the single cell model (cf. section 2.2) that also includes an on-the fly cell degradation (cf. section 2.3). The power supplied (P s,cell ) by the fuel cell is upscaled by the fuel cell stack module (P s,stack ) and passed on to the electrical engine, which estimates the torque (τ) based on the current rotational speed (ω) of the engine (in revolutions per minutes, RPM) and power. Apart from the power generated from the NEDC requirements, we also set a constant auxiliary power demand of 400 W for the various non-power train components in the car (e.g. lights, stereo etc.). The power train block calculates the rotational speed of the engine (in RPM) and net expected driving force (F D ) on the vehicle, which finally is processed by the dynamics block to calculate the supplied velocity. The dynamics block works on the basic principles of Newtonian mechanics where the net inertial force is time-integrated to calculate the velocity. Table 1 shows the model equations of the different vehicle subsystems. In order to use realistic parameters for the fuel cell car, we take typical values of a middle-sized passenger car [25] , as given in Table   2 . The fuel cell stack parameters are taken from the Auto-Stack project [26] and are also given Table   2 .
Subsystem
Governing equation
Dynamics
Newton's law of motion
Electric engine
Electric motor torque equation
Stack power demand downscaling
Single-cell power supply upscaling Table 2 : Virtual car and fuel cell stack parameters.
Single-cell multiphysics model
The single-cell model is a 2D CFD model based on Bao et. al. [22] . Figure 2 shows the computational geometry as implemented in COMSOL. It consists of two channels in counter-flow setup, two gasdiffusion layers, and the polymer membrane. The channel and GDL domains include multi-species transport. The cell operation is considered to be isothermal and the gases are considered to be ideal.
Only vapor-phase transport of water is considered. The kinetics assumes modified Butler-Volmer equations based on elementary-kinetic mechanisms. The base model is described in detail in Ref. [22] .
All model equations are given in Table 3 , and model parameters are listed in Table 4 . The base model is also modified to include lambda control with a minimum channel flow velocity (u a,min , u c,min ) corresponding to reactant supply for a current density of 1000 A m -2 . The lambda-controlled velocity ensures a more efficient current density (load) based reactant supply. The idea of a minimum flow velocity is to ensure fast transient response by supplying sufficient reactants to the cell in an automotive application while accelerating from an idling state. In order to simulate degradation, material properties that are assumed constant in the base model are modified over time according to relevant degradation mechanisms included the degradation library (cf. section below). For the present study, we particularly assume a temporal decrease in the membrane conductivity for demonstrating our cell durability prediction model. However, other material properties and transport coefficients can be (and will be in future work) integrated into the degradation library to achieve a robust durability prediction framework. 
Fuel cell component Equations
Gas channels and GDLs
Mass and momentum transport equations
Mass balance for protons
Mass balance for water Table 4 : Single-cell parameters and operating conditions.
Degradation library
For a flexible integration of degradation models, a generalized component-wise degradation framework was developed. The main assumption of this framework is the decoupling of performance model and degradation model. Under this assumption, any multiphysics model parameter P (e.g., membrane conductivity or catalyst active area) can be represented as product of a performance function and a degradation factor,
where, ! is the parameter of the degraded cell, !,!"# is the degradation factor which has values ranging from 1 (fresh cell) to 0 (completely degraded cell), and !"#$ is the performance function. The degradation factor is calculated based on an appropriate degradation mechanism chosen from a degradation library, as described below. Both, the performance function and the degradation factor generally depend on local conditions (e.g., voltage, current density, species concentrations, temperature, etc.).
The approach of decoupling performance and degradation facilitates choice over various degradation and performance models through our modularized simulation framework. The approach is a first-order approximation towards the non-linear coupling between the current state of degradation and the performance model. The approximation can be justified by the fact that the performance functions have 'instantaneous' effect on the cell parameters while the degradation models take relatively longer time to reflect a significant change in them. This has been demonstrated in section 3.3. Moreover, the indirect nonlinear coupling between performance and degradation (or between different degradation mechanisms) is maintained via the functional dependence of both !,!"# and !"#$ on local state variables.
The degradation library (cf. Figure 1 ) is a collection of mathematical models that allows the calculation of degradation factors !,!"# as a function of time and local conditions. Since, degradation and performance are assumed decoupled, the library can be modified, validated, used, and shared independently of the actual performance model. Specifically, the library contains models of local and instantaneous degradation rates (
) as function of local state variables (pressure, temperature, mole fractions, electric potentials),
The degradation function can be generally derived from either experimental degradation measurements or lower-scale degradation models and can be given as look-up tables, analytical mappings, or fitted correlations. The current state of degradation of a cell property is calculated by time-integration of the local degradation rate,
In this study, the cell parameters and state variables are passed on to the degradation library that calculates the instantaneous rate of degradation from lookup tables and correlational mappings. The degradation rate is then time-integrated to obtain the change in the degradation factor over the numerical time step.
The goal of the present study is to demonstrate this framework and show its capability of end-of-life prediction studies under transient load conditions. To this end, we investigate the exemplary case of membrane degradation, i.e., loss of membrane conductivity . The membrane conductivity degradation is represented by a degradation factor ( !,!"# ) varying from 1 (for a fresh membrane) to 0 (for a completely degraded membrane) according to,
where, Springer's expression [27] is used as the performance function for the conductivity as,
For the present study we assume that the conductivity degradation rate linearly depends on the local O 2 partial pressure in the cathode catalyst layer. This assumption is based on the known complex membrane degradation mechanism [28] which is initiated by O 2 crossover from cathode to anode, which linearly depends on O 2 partial pressure. We furthermore assume that the membrane completely degrades within 5000 hours, which conforms to the durability targets of PEMFC stacks in transport applications [29] . We assume a degradation function based on a modest assumption that a 5000 h lifetime is reached under a steady-state operation with a fixed value of O 2 partial pressure ( ! ! ,!"#$%& )
representative of air operation at open circuit, 80 °C, 2.5kPa, and 100 % RH. This leads to the degradation function,
This is certainly a simplified description of membrane degradation, which nevertheless allows to fully represent the coupling between the multiphysics performance model and the degradation library, and therefore demonstrating the utility of present framework for durability predictions. It is out of the scope of this study to develop a detailed membrane degradation model, which will be the subject of future investigations. (Table   4 ). Figure 4b shows the maximum power density delivered by a single cell as a function of the membrane degradation factor. The fuel cell performance shows a nonlinear dependence on the degradation factor, with significant performance loss only for !,!"# < 0.5. This shows that the membrane resistance does not dominantly contribute to the overpotentials under base conditions (i.e., full humidification). Moreover, Figure 4b also helps to estimate the cell end-of-life under a certain load cycle. For example, under the considered stack size, cell area, and car parameters in this study, NEDC requires a maximum single cell power density of 4011 W m -2 . This suggests that at a membrane degradation factor value of approximately 0.15, the cell will fail to deliver the required power.
End-of-life cell durability prediction
One of the advantages of PEMFC modeling is that it provides a time-and cost-effective predictive analysis of cell durability under extended end-of-life loading cycles. Cell degradation over one NEDC, which is only approx. 20 minutes long, is not significant enough to predict the cell behavior over a stack life of 5000 hours owing to the non-linear coupling between cell electrochemistry and degradation processes. Moreover, as a fully coupled 2D spatio-temporally resolved CFD simulation of PEMFC under a highly transient loading is not real-time capable, it is not feasible to simulate the entire time duration of 5000 hours. Therefore, in order to allow for long-term cell degradation predictions, we developed a piecewise (two-step) time-upscaling methodology. In this methodology, we start with a non-degraded cell (i.e. the value of the degradation factor is 1). We simulate the cell behavior under the transient power demand of one complete NEDC. The cell's state of degradation (represented by the degradation factor) is calculated by integrating the instantaneous degradation rate (d !,!"# /d ) over the NEDC duration. Next, this degradation factor is linearly upscaled over a time period of n NEDCs to extrapolate the state of degradation of the cell. With the extrapolated value of the degradation factor, the n+1 st NEDC is simulated, and the mentioned two-step cycle is repeated. The entire process is continued until the degrading fuel cell fails to provide the necessary power to run one complete NEDC. The time-upscaled degradation factor is calculated as,
where, is the number of NEDC upscaling cycles (here = 1000 cycles which is equivalent to 328 hours and 11023 km), and !"#$ is the time duration of one NEDC (1180 seconds). Although, the time-upscaling is linear, the methodology captures the long-term nonlinearity of degradation through the non-linear variation in the degradation rate over every n+1 st driving cycle.
Multi-platform coupling and simulation technology
The current simulation platform takes advantage of the individual strengths of the simulation plat- 
Results and discussions
Power cycle
The objective of the virtual car model is to convert the velocity cycle data to fuel-cell-relevant power cycle data, which can be used as a power demand from the fuel cell system. Figure 5 shows the power demand generated by the car controller corresponding to the NEDC based velocity cycle and the velocity supplied by the car dynamics block. One can observe that the maximum power requirement from the fuel cell stack for the given values of car parameters over the NEDC is approximately 39 kW. 
Single-cell performance
With the help of the previously-mentioned multiscale coupled simulation framework, the single-cell performance can be simulated during an NEDC with respect to various operating conditions. Figure 6 shows simulated single-cell current and voltage during one driving cycle. The highly transient power demand causes a highly transient current density and voltage behavior. From the cell voltage and current density transience, it can be observed that the fuel cell response closely follows the transient power demand. It can also be observed that with the current stack size, the fuel cell operates within the cell voltage range of 1.05 V-0.62 V between idling and peak power demand. The cell efficiency using,
×100%, in the given voltage range of 1.05-0.62 V is 84-49.6%. Figure 6 : Cell potential and current density variation in a single cell during the NEDC.
One of the challenges in fuel cell operation is water management, which greatly affects the performance of PEM fuel cells. The water management in PEM fuel cells can be categorized into two broad contexts, firstly, membrane hydration, which is important for proton conductivity in the membrane and secondly, cathode flooding, which might hamper diffusion of reactants into the catalyst layer. Within the scope of this study, we will be focusing only on the membrane hydration, as assumed cell operating conditions are not conducive to the cathode flooding situation and also due to limited scope of this study regarding two-phase flow and transport in the GDL. Further, due to the isothermal nature of this model, we have not considered the changes in the relative humidity due to the variations in the cell operating temperature. Also, we have considered an ideal supply of homogeneously humidified gases at the channel inlets. Moreover, it has to be noted that membrane water content not only affects the fuel cell performance but also affects the membrane longevity through various mechanical and chemical degradation mechanisms [2] . for the two consecutive NEDCs is a strong function of the operating conditions. Such an observation is useful for the present study where the objective is to use a representative NEDC for time-upscaling simulations to predict cell durability. So, in order to demonstrate our fuel cell durability framework in the present work, we chose the relative humidity of 100% in both anode and cathode channels. changing the membrane structural properties [30] . Since, the present study assumes a cross-flow configuration (fluid flow direction marked by arrows in the figure), one can also observe that the highest water vapor presence is consistently near the inlet section of anode and outlet of the cathode. This means that the channel inlets are exposed to higher concentrations with slower transience as compared to the center of the channel. A relatively persistent presence of water vapor means that those locations in the membrane are exposed to less cycling and hence less mechanical damage occurs in those locations. But at the same time, they expose the membrane to a more steady chemical damage [30] . 
End-of-life cell durability simulations
Using the degradation framework mentioned in section 2.3 and time-upscaling methodology discussed in section 2.4, a PEMFC under membrane conductivity degradation was simulated for 20000 NEDCs (corresponding to 6555 hours). Results of this study are shown in Figure 10 and Figure 11 . Figure 10a) shows the simulated degradation rate as function of time for NEDC numbers 1 and 20001. The strong variations in the rate of degradation show that under the transient load cycling, the cell state variables also show a highly sensitive transience that eventually influence the local degradation rate. This is a result of the simplistic membrane degradation model used for the present demonstration. Figure 10b) shows the variation in the spatially averaged membrane conductivity over time-upscaled NEDCs. The results demonstrate the performance model induced short-term (several seconds time scale) and degradation model induced long-term (several thousand hours time-scale) variations in the membrane conductivity. The observed short-term variation in the conductivity over one NEDC is due to the local variation in the water uptake in the membrane due to the current density transience. The results also show significant reduction in the membrane conductivity towards the cell end-of-life. The quasi-linear decrease in the degradation factor with time as shown in Figure 11a ) can be attributed to the fact that the underlying degradation rate is assumed to be a function of the partial pressure of oxygen, which has a consistent supply over the cell lifetime. Further, although there is a significant variation in the degradation during a driving cycle, multiple exposures to such load cycling has relatively insignificant change in the degradation rates during the cell lifetime (cf. Fig. 10a ). However, the reduction in membrane conductivity has a nonlinear effect on the transport of protons through the transport equations (cf. Table 3 ). This consequently explains the observed nonlinear decrease in cell performance in Fig. 11b . 
Conclusions
We have presented the development and demonstration of a multiscale computational framework that In the present study we did not include a secondary energy storage device (e.g., a lithium-ion battery)
into the virtual car. This setup was chosen in order to identify critical cell loading regions imposed by the NEDC operation and consequently propose relevant degradation mitigation schemes. Yet, the present simulation framework is able to accommodate on-board secondary energy storage systems, the influence of which will be investigated in future work. A key assumption of the present work is the simple membrane degradation mechanism. Future work will implement detailed physically-based degradation mechanisms, taking advantage of the flexible degradation library.
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